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Highlights 
 
• Non-invasive brain stimulation is increasingly used in neurology. 
• The clinical efficacy of these stimulation approaches remains poor. 
• Imaging connectomics can help identify where and how to stimulate. 
• The treatment of neurological conditions will benefit from integrating connectomics and brain 
stimulation. 
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Abstract 
The flexible integration of segregated neural functions is essential to brain function. 
Advances in neuroimaging techniques have revealed that psychiatric and neurological 
disorders are characterized by anomalies in the dynamic integration of widespread neural 
populations. Re-establishing optimal neural activity is an important component of the 
treatment of such disorders. Non-invasive brain stimulation is emerging as a viable tool 
to selectively restore both local and widespread neural dynamics in patients affected by 
psychiatric and neurological disorders. Importantly, the different forms of non-invasive 
brain stimulation affect neural activity in distinct ways, which has important 
ramifications for their clinical efficacy. In this review, we discuss how non-invasive brain 
stimulation techniques influence widespread neural integration across brain regions. We 
suggest that the efficacy of such techniques in the treatment of psychiatric and 
neurological conditions is contingent on applying the appropriate stimulation paradigm to 
restore specific aspects of altered neural integration.  
 
Keywords: Connectomics, rTMS, tDCS, networks, neurology 
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1. Introduction 
Healthy brain function relies on co-ordinated integration of localized activity across 
widespread neural networks (Catani et al., 2013; Park and Friston, 2013). Understanding 
how such activity is integrated globally across the brain is arguably one of the greatest 
challenges facing modern neuroscience (Devor et al., 2013). The function and 
physiological impact of neural activity in specialized brain regions is relatively well 
understood. However, we are only beginning to understand how this local activity is 
integrated between distant regions – for example between primary sensory and higher 
cognitive areas – or how local damage to, or stimulation of, a specific neural population 
affects activity elsewhere in the brain.  
 
Our understanding of how local changes in brain activity can influence distant, but 
functionally related, brain regions has improved in parallel with advances in various 
forms of brain imaging and brain stimulation methods. For example, stroke patients with 
local brain lesions often have cognitive impairments that cannot be directly related to the 
site of damage (Verdon et al., 2010). Further, many of the most common psychiatric and 
neurological conditions, including depression, obsessive-compulsive disorder and 
schizophrenia, are associated with impaired integration of functionally-related neural 
networks (Insel, 2010; Menon, 2011; Zhou et al., 2012; Filippi et al., 2013; Fornito et al., 
2015).  
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In recent years it has become clear that various forms of non-invasive brain stimulation 
(NIBS), such as transcranial magnetic stimulation (TMS) and transcranial electrical 
stimulation (tES), can modify ongoing brain activity. This has led to a dramatic increase 
in research applying NIBS in the clinical domain, with the goal of improving abnormal 
brain function in various conditions (Hummel et al., 2005; Hummel and Cohen, 2006; 
Passard et al., 2007; Floel, 2014; Liew et al., 2014). The rationale for the use of NIBS has 
been that if behavioral changes arising from a clinical condition occur due to altered 
activity within a given brain network, normalizing this activity with NIBS should lead to 
improved behavior. Such a rationale has motivated studies utilizing NIBS across a range 
of clinical conditions, including, but not limited to, stroke (Grefkes and Fink, 2014), 
schizophrenia (Frantseva et al., 2014), depression (Fitzgerald et al., 2009; Fox et al., 
2013), and obsessive-compulsive disorder (Fitzgerald et al., 2010). Despite some 
encouraging results, symptomatic improvement following NIBS in such conditions has 
generally been modest, and often clinically insignificant (Kalu et al., 2012). Although 
several reviews have alluded to the eff cts of NIBS propagating to distant regions via 
axonal connectivity (Lefaucheur et al., 2014; Liew et al., 2014; Li et al., 2015), they have 
not considered the consequence of these aspects in the clinical domain. An often 
overlooked factor affecting the effectiveness of NIBS is the optimal targeting of 
underlying neural networks associated with the clinical condition (Fox et al., 2012). For 
instance, the efficacy of TMS in the treatment of depression is influenced by the precise 
location of stimulation within the DLPFC.  The region with the highest efficacy was a 
region with anticorrelated activity between DLPFC and the subgenual cingulate (Fox et 
al., 2012). Further, several studies have now investigated how each of the different forms 
Page 6 of 54
Ac
ce
pte
d M
an
us
cri
pt
Sale et al., 6 
 
of NIBS alter the activity of large-scale neural networks.  Studies suggest that the global 
effect induced by NIBS is dependent on several factors including electrode placement 
(Sehm et al., 2013), connectedness of the targeted brain region to other regions (e.g., 
Rounis et al., 2006 vs. Cocchi et al., 2015), and whether the participant is concurrently 
undertaking a task (Nitsche et al., 2003; Fregni et al., 2005; Hummel et al., 2005; Antal et 
al., 2007; Kujirai et al., 2006; Andrews et al., 2011).  This interplay between brain 
connectivity and NIBS in health and disease has been the focus of many recent studies. 
Here we provide an up-to-date review and discussion on what is currently known about 
how NIBS modifies large-scale neural networks and related brain function. We then 
discuss how this knowledge can be used by clinicians and researchers to target the 
activity of distinct neural systems supporting healthy and pathological brain function.  
 
In this review, we discuss prevailing ideas regarding brain function as a complex 
interaction between multiple neural networks, and outline how different forms of NIBS 
might interact and modify these networks. We then relate this to how pathological 
network disturbances could be optimally targeted with specific forms of NIBS. When 
applying NIBS in the clinical domain, we contend that without a thorough understanding 
of both the specific network disturbance of the targeted condition, and the mode of action 
of the NIBS protocol, the desired benefits may not be obtained, or worse, any effects on 
functioning may be detrimental. 
 
2.   Local specialization versus global integration of brain function 
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In the last few years, significant funding has been invested in research attempting to 
characterize the structure and function of the human brain as a network (Hagmann et al., 
2008; Betzel et al., 2014; Sporns, 2014a, 2014b). Using neuroimaging – particularly 
functional magnetic resonance imaging (fMRI) – and metrics borrowed from the 
mathematical field of graph analysis, connectomics has started to reveal the complex 
principles that support flexible brain function at the macroscale (Bullmore and Sporns, 
2009; Rubinov and Sporns, 2010). A widely used approach for assessing changes in 
integration between discrete brain regions is to map statistical dependencies (e.g., 
correlations) between measured neurophysiological signals (Fig. 1). This relatively 
simple approach yields maps of functional connectivity across the brain, and has provided 
important insights into the organization of endogenous functional networks in health 
(Power et al., 2011; Yeo et al., 2011) and disease (Fornito et al., 2015). 
 
Mapping functional connectivity across the whole brain has revealed several large-scale 
neural networks whose activity is relatively confined when participants are in a resting 
state (i.e., not engaged in an active task) (Bullmore and Sporns, 2009; Yeo et al., 2011). 
A large body of literature suggests that the topology of functional networks identified 
with resting state fMRI (rs-fMRI) is correlated with patterns of neural activity observed 
during the execution of various tasks (Biswal et al., 1995; Greicius et al., 2003; Fox et al., 
2006), suggesting that large-scale neural networks isolated in a state of rest may represent 
a fundamental property of brain organization (Fornito et al., 2010). In this context, the 
use of graph theory has facilitated the characterization of complex structures and 
dynamics supporting the optimal integration of activity across widespread neural 
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populations. In essence, a graph is a mathematical representation of pairwise relations 
between distinct objects. Graphs encompass nodes, or vertices, and lines defined as edges 
that connect them (Sporns et al., 2007; van den Heuvel and Sporns, 2011). Combined 
with neuroimaging data, models of the brain as a graph, or network, and the application 
of algorithms assessing different properties of such a network, are emerging as a 
powerful tool for understanding the modus operandi of the brain (Rubinov and Sporns, 
2010; Sporns, 2014a, 2014b). For example, it is now established that intrinsic patterns of 
structural and functional connectivity in the brain are not randomly distributed. Instead, 
there seem to be a small number of regions – known as hubs (Power et al., 2013; Collin et 
al., 2014; van den Heuvel et al., 2012) - that are disproportionately interconnected with 
the rest of the brain and play a central role in the efficient and flexible integration of 
information (Power et al., 2013; Collin et al., 2014; van den Heuvel et al., 2012). 
 
Insert Figure 1 near here 
 
The study of task-based changes in functional brain connectivity is more complex, 
because of the need to differentiate task-evoked neural responses from context-
independent factors, including shared anatomical connections and neuromodulatory 
inputs (Friston, 2011). Nevertheless, several new methods are now available (for a short 
overview see Cocchi et al. (2013)). The importance of studying context-driven changes in 
the functional interplay between neural assemblies is highlighted by the fact that 
pathological network activity may only emerge when patients are engaged in specific 
tasks (e.g., Cocchi et al., 2012; McLaren et al., 2014).  
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The discovery of neural organizational features such as resting-state networks and hubs 
has been instrumental in deepening our understanding of both normal and abnormal brain 
function. Many of the most common psychiatric conditions are now known to involve 
brain network dysfunction, including schizophrenia, autism spectrum disorders, 
depression and obsessive compulsive disorder (OCD) (Insel, 2010; Zalesky et al., 2011; 
Cocchi et al., 2012; Fornito et al., 2012). Studies of the human connectome have 
provided a means to delineate subtypes of psychiatric disorders based upon neurobiology, 
to characterize the neural basis of specific symptoms, and to monitor the brain’s response 
to treatment, as well as defining neural markers of illness (Filippi et al., 2013; Fornito et 
al., 2015).  
 
In recent years, brain connectivity research has shifted the focus of neurology and 
psychiatry from the study of local neural dysfunction to the study of altered activity of 
widespread neural networks (Bassett and Bullmore, 2009; Fornito and Bullmore, 2010; 
Bullmore and Sporns 2012; Fornito et al., 2015). Such a paradigm shift calls for the 
development of new treatment methods that focus on specific pathologies associated with 
particular changes in the function of brain networks. Connectomics enables the 
development of targeted system-level interventions, as opposed to approaches that lack 
functional specificity and which are often accompanied by significant side-effects (such 
as some of the presently available pharmacological interventions) (Lambert and Castle, 
2003). Although in its infancy, a promising approach is the use of NIBS to selectively 
restore altered patterns of connectivity in large-scale neural networks. In this context, 
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although conventional pharmacological interventions are in many cases very effective at 
reducing symptoms of the disorder, some patients do not gain the expected benefit from 
this approach. NIBS offers a novel approach for reducing symptoms and restoring related 
brain activity. Indeed it is reasonable to assume that the interaction between NIBS and 
pharmacological interventions may reduce the effective dosage of the latter. Future 
clinical investigations should focus on evaluating the efficacy of pharmacological versus 
NIBS, and whether these treatments can be complementary. A proposed clinical trial in 
depression comparing the efficacy of rTMS and a pharmacological intervention promises 
to shed light on this (Wang et al., 2013). 
 
Here, we critically review recent evidence pointing to the efficacy of NIBS as a clinical 
intervention that can induce widespread and lasting changes in brain activity. 
Understanding the brain’s response to NIBS is a critical first step toward the efficient 
restoration of altered networks in disease.  
 
3. Brain stimulation as a clinical intervention for restoring network 
function 
Several stimulation techniques can induce changes in local neural activity, and can 
therefore be potentially useful in modulating dysfunctional neural networks. These 
stimulation techniques can be broadly divided into two main forms – TMS and electrical 
brain stimulation. Electrical brain stimulation includes deep brain stimulation (DBS), 
electroconvulsive therapy, and tES. Because of their relatively non-invasive nature, this 
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review will focus on TMS and tES as clinical interventions for restoring neural network 
homeostasis in patients.  
 
In recent years there has been a significant increase in research focused on using TMS 
and tES to treat a variety of neurological and psychiatric conditions. However, the 
clinical efficacy of these non-invasive interventions has been mixed. Inconsistent 
treatment outcomes appear to be influenced by variability in individuals’ responses to 
NIBS.  Several factors have been shown to influence the reliability and effectiveness of 
NIBS (Ridding and Ziemann, 2010), including genetic factors (Cheeran et al., 2008, 
Antal et al., 2010), hormone and drug interactions (Sale et al., 2008), age (Rogasch et al., 
2009; Todd et al., 2010; Bashir et al., 2014) and levels of physical activity (Cirillo et al., 
2009). Other important factors that appear critical in determining the brain’s response to 
NIBS, and which will be discussed in detail in this review, are the site of stimulation 
(Fox et al., 2014) and the activity of the un erlying networks during stimulation (Nitsche 
et al., 2003; Fregni et al., 2005; Hummel et al., 2005; Antal et al., 2007; Kujirai et al., 
2006; Andrews et al., 2011). 
 
3.1. Transcranial magnetic stimulation 
TMS is a brain stimulation technique that directly alters the activity of a circumscribed 
neural population of the cerebral cortex, via the application of a rapidly changing 
magnetic field over the scalp (Hallett, 2000). Supra-threshold stimulation of the primary 
motor cortex with single pulses of TMS evokes a clearly discernable motor response in 
the targeted peripheral muscle (i.e., a muscle twitch). This can be quantified by 
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measuring the amplitude of the motor evoked potential (MEP) with surface 
electromyography electrodes (Hallett 2000). When TMS is delivered repetitively 
(repetitive TMS, rTMS), changes in cortical excitability can be induced that outlast the 
period of stimulation (Huang et al., 2005). In the motor system, this is seen as a change in 
the size of MEPs in the targeted muscle. In non-motor regions, rTMS can result in 
changes in behavioral measures such as task performance or reaction times (e.g., 
Mottaghy et al., 1999; Ahn et al., 2013). Stimulation can either enhance or inhibit local 
neural activity (Stefan et al., 2000; Huang et al., 2005). The changes induced with these 
stimulation paradigms are thought to reflect long-term potentiation (LTP)-like or long-
term depression (LTD)-like changes in synaptic efficacy (Stefan et al., 2002). rTMS can 
either be applied during a task (i.e., online), or before or after the task (i.e., offline). The 
merits of online vs. offline stimulation are discussed later in this review.  
 
Unfortunately, the changes induced with these paradigms are highly variable, both 
between participants (Hamada et al., 2013), but also within the same participant across 
different testing sessions (Fratello et al., 2006; Sale et al., 2007). Controlling or 
minimizing some of the factors that contribute to this variability have been shown to 
improve the effectiveness and reliability of the induced effects (Sale et al., 2008; Kamke 
et al., 2014). However, the variability of the brain’s response to rTMS remains a 
significant impediment to the application of such approaches in the clinical domain. 
Despite this limitation, there has been an explosion of research using rTMS paradigms to 
modify cortical function, in health and disease.   
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One common approach is to use rTMS paradigms to target clinical conditions in which 
relatively defined regions of cortex are either pathologically underactive [e.g., stroke 
(Khedr et al., 2005)] or overactive [e.g., dystonia (Borich et al., 2009)]. Repetitive TMS 
has also been used to modulate the activity of local brain regions implicated in a range of 
psychiatric and neurological disorders. For example, rTMS-induced enhancement or 
reduction of neural activity within the left dorsolateral prefrontal cortex (DLPFC) can 
reduce symptoms of depression, schizophrenia, anxiety, and post-traumatic stress 
disorder (Prikryl et al., 2007; Fitzgerald et al., 2009; Fox et al., 2012; Balconi and Ferrari, 
2013). Of note, though, is that a recent meta-analysis has suggested that the efficacy of 
this local approach is probably suboptimal (Lefaucheur et al., 2014).  
 
A potential explanation for the suboptimal or inconsistent effects of rTMS with this 
“local” approach may relate to the fact that seemingly discrete changes in activity can 
impact upon widespread patterns of brain activity and connectivity (Fornito et al., 2015). 
For example, a prominent theory, referred to as the interhemispheric competition model, 
proposes that when the activity of circumscribed cortical regions is disrupted, such as a 
motor area following stroke, the homologous region in the contralateral hemisphere 
becomes overactive. Associated with this imbalance in activity between the two 
hemispheres is an increase in interhemispheric functional inhibition (Murase et al., 2004). 
This model highlights the need to consider large-scale brain dynamics in guiding the 
application of NIBS. According to the interhemispheric competition model, a potential 
strategy to restore neural network functioning is to reduce neural activity within the 
unaffected but overactive hemisphere. By doing so, the deleterious influence of 
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interhemispheric inhibition exerted from the unaffected to the affected hemisphere can be 
reduced. Using this approach, improvements in function of the affected limbs in motor 
stroke have been reported, and are more clinically robust than targeting of the affected 
hemisphere alone (Lefaucheur et al., 2014).  
 
Insert Figure 2 near here 
3.2. Transcranial electrical stimulation 
Another commonly used form of NIBS is transcranial electrical stimulation (tES) (Filmer 
et al., 2014). tES passes a weak electrical current between two electrodes (anode and 
cathode) placed on the surface of the scalp. Unlike TMS, where the stimulus is almost 
always perceived by the participant (but see Massimini et al., 2007), and which can evoke 
a discernable motor response (when motor regions are stimulated), tES is often 
imperceptible to the participant and causes no obvious or discernable peripheral effects. 
This makes tES particularly amenable to studies requiring sham conditions. There are a 
number of different tES paradigms currently in use (Nitsche and Paulus, 2000; Antal et 
al., 2008; Terney et al., 2008). The most commonly used is transcranial direct current 
stimulation (tDCS). Animal work suggests that anodal tDCS causes a generalized 
reduction in resting membrane potential over large cortical areas, whereas cathodal 
stimulation causes hyperpolarization (Bindman et al., 1964). Prolonged stimulation with 
tDCS can cause an enduring change in cortical excitability under the stimulated regions 
(Nitsche and Paulus, 2000). In the motor system, anodal stimulation increases TMS-
evoked MEPs, whilst cathodal stimulation reduces MEPs (Nitsche and Paulus, 2000). 
Neuroimaging studies have shown that anodal stimulation of motor regions can increase 
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resting-state BOLD signal in this area, whereas cathodal stimulation reduces it 
(Baudewig et al., 2001; Turi et al., 2012). Furthermore, it appears that resting-state 
networks can be selectively modulated by local tDCS, with excitatory (anodal) 
stimulation of primary motor cortex increasing functional connectivity within the motor 
network (Stagg et al., 2014). 
 
A variant of tDCS is transcranial random noise stimulation (tRNS) (Terney et al., 2008). 
Here, electrical stimulation is applied in an oscillatory manner between the two 
electrodes, with a wide and randomly changing frequency spectrum used (Terney et al., 
2008).  Such an approach induces similar changes in cortical excitability as with tDCS, 
without differing effects at the two electrode sites (Moliadze et al., 2014). Finally, an 
oscillatory variant of tDCS, referred to as transcranial alternating current stimulation 
(tACS) applies a regular oscillating current (c.f., tRNS) across the two electrodes. This 
stimulation approach is thought to be efficient in changing neural oscillations in the 
targeted region (Marshall and Binder, 2013; Helfrich et al., 2014) and is discussed in 
more detail later in the review. 
 
Other than their mode of operation, there are further important differences between rTMS 
and tDCS that require consideration. First, whereas rTMS directly stimulates a single, 
relatively circumscribed area of cortex, tDCS and tRNS pass a weak electrical current 
between two active electrodes positioned in distal scalp locations. As such, any effects of 
tDCS and tRNS manifest at both the anode and cathode, as well as between the 
electrodes, thus modifying excitability over a much larger area of cortex than rTMS. It is 
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noteworthy, though, that changing the relative size of the electrodes [large return 
electrode and small active electrode (Nitsche et al., 2007)] can improve the spatial 
selectivity of the stimulation. Recently, a high-definition tDCS montage has been 
developed, whereby a small inner active electrode is surrounded by four small outer 
‘ring’ return electrodes. Modelling studies have shown that this montage produces a 
much more focal effect under the active, inner electrode, with minimal effects under the 
ring electrodes (Kuo et al., 2013). The focality of these effects is based solely on 
modelling, with the actual underlying cortical effect yet to be conclusively established.   
 
4. Connectomics as a tool to guide the clinical use of NIBS  
To enhance its clinical efficacy, it will be important to establish which conditions and 
symptoms respond favorably to NIBS, which brain regions should be targeted to 
maximize efficacy, and which NIBS intervention might be most effective to do so. 
Intuitively, a diffuse pathology affecting large cortical territories or widespread cortical 
networks might benefit most from a non-focal NIBS approach, whereas a focal lesion 
might respond most effectively to a locally-mediating NIBS intervention (see Fig. 3). 
However, neither approach accounts for what is now known about the architecture of 
large-scale neural networks in health and disease. For example, focal rTMS of a brain 
region with dense connections with multiple functional networks – also known as a brain 
‘hub’ – is likely to have profoundly different effects on brain activity compared with 
focal rTMS over a peripheral cortical target (a non-hub region). We argue that an 
understanding of neural networks can inform clinicians and researchers as to the most 
effective site to stimulate, and indeed, which form of NIBS is most appropriate.   
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4.1. Inducing selective changes within widespread, functionally-related 
neural networks 
Several studies have investigated the impact of local changes in cortical excitability 
induced by rTMS on the activity of functionally defined neural networks (Bestmann et 
al., 2004; Eldaief et al., 2011; Cocchi et al., 2015). For example, by combining resting-
state functional neuroimaging and frequency-specific (5Hz vs 20Hz) rTMS over left 
inferior parietal lobule – a non-hub region (Power et al., 2013) - Eldaif and colleagues 
showed stimulation-specific changes in the functional interplay between nodes 
encompassing the default mode brain network (Eldaief et al., 2011). This research 
suggests that the different forms of rTMS can modulate cortical excitability, and that 
these effects can be constrained within a resting-state network and do not ‘spill-over’ into 
other networks, at least when non-hub regions are targeted (Fig. 2A). This idea is 
supported by earlier work that showed that excitatory rTMS over the primary motor 
cortex (an output region with a relatively low connectivity density) induces measurable 
BOLD changes, but these changes are generally restricted to the sensorimotor network 
(Bestmann et al., 2004; Cardenas-Morales et al., 2011; but see Watanabe et al., 2014).   
 
4.2. Changing the functional interplay between multiple networks 
Although rTMS appears efficient in modulating neural dynamics within functionally 
segregated networks, such effects may also have an impact on a more global scale (i.e., 
between-network interactions). As discussed previously, the impact that a local change in 
regional activity could have on whole brain connectivity and related brain function is 
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most likely determined by the density of connections (i.e., the degree) of such regions 
with the rest of the brain (Alstott et al., 2009; Warren et al., 2014). The stimulation of 
densely connected neural hubs is therefore likely to cause widespread changes in patterns 
of integration across brain areas and systems. In line with this, Rounis and colleagues 
showed that offline rTMS over the left DLPFC (a hub, Fig. 2B) caused changes in BOLD 
responses in widespread cortical regions, including primary sensorimotor cortex, lateral 
occipital cortex, anterior insula and superior temporal gyrus (Rounis et al., 2006). These 
cortical regions encompass multiple functional networks (Fig.1C), suggesting that 
stimulation of a node with high degree can affect multiple networks. Conversely, 
stimulation of regions with low degree, such as the motor cortex, should have more 
constrained effects. Focal inhibition of the right motor cortex has been shown to 
selectively increase connectivity within the sensorimotor system while reducing 
functional interactions between this system and other brain networks (Cocchi et al., 
2015). However, the widespread effect of focal inhibition of M1 was constrained to 
patterns of connectivity involving the sensorimotor system, whereas excitatory TMS over 
the primary motor cortex did not significantly change connectivity within the 
sensorimotor system, or between this system and other systems in the brain. In general, 
these findings support earlier computational investigations suggesting that damage to 
highly interconnected regions may have more dramatic effects on brain functions (Honey 
and Sporns, 2008; Alstott et al., 2009; Warren et al., 2014).    
 
Several studies have also investigated the effect of tDCS on whole-brain network activity 
(Polania et al., 2011; Pena-Gomez et al., 2012; Sehm et al., 2013). These studies have 
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shown that tDCS has profound yet predictable effects on widespread functional 
connectivity. Using graph theoretical approaches, Polania et al. (2011) showed that there 
was a global decrease in functional connectivity between the anodally-stimulated 
sensorimotor cortex (SM1) and the rest of the brain. There was also an increase in 
functional connectivity between SM1 and premotor, motor and parietal regions. This 
suggests that anodal stimulation increases functional connectivity within a network, and 
decreases connectivity with other networks. The authors speculated that the anodal 
stimulation increased spontaneous activity of neurons in SM1, thus decreasing the signal 
to noise ratio. This would decrease synchronization between SM1 and other regions 
(Polania et al., 2011). It appears the position of the stimulating pads is important in 
mediating the network effects of tDCS. When the primary sensorimotor cortex (SM1) 
was stimulated with tDCS, the position of the return electrode had a significant impact on 
patterns of functional connectivity (Sehm et al., 2013). With the return electrode located 
over the homologous SM1 region of the contralateral cortex, the induced neural changes 
were restricted to primary and secondary motor areas (i.e., within the sensorimotor 
network; e.g., Fig. 2D). On the other hand, when the return electrode was placed over the 
contralateral orbit (i.e., outside the sensorimotor network), tDCS produced more 
widespread changes in functional connectivity between prefrontal, parietal and cerebellar 
regions, with no significant effect seen under the stimulating electrode. The key 
difference between these conditions was the location of the return electrode. Since the 
return electrode was located outside the sensorimotor network (e.g., Fig. 2E) in the 
unilateral condition, it is likely that the more diffuse nature of the connectivity changes 
seen in this condition was related to effects originating from the supraorbital region. The 
Page 20 of 54
Ac
ce
pte
d M
an
us
cri
pt
Sale et al., 20 
 
position of the return electrode in tDCS studies therefore seems critical in mediating any 
effects on network connectivity. 
 
Further support for the notion that tDCS induces more diffuse, across-network changes in 
activity was provided by Keeser and colleagues (2011). When the left DLPFC was 
stimulated with anodal tDCS, and the right supraorbital region received cathodal tDCS, 
resting-state fMRI showed changes in connectivity within both the default-mode network 
and fronto-parietal networks (Keeser et al., 2011). Similar effects have been reported by 
Pena-Gomez et al. (2012). 
 
In summary, in the healthy and dysfunctional brain, both rTMS and tDCS can induce 
temporary changes in functional connectivity. These changes have in turn been 
associated with an improvement in symptoms across a range of neurological and 
psychiatric disorders, although the efficacy of these techniques as first-line clinical 
treatments is mixed. The precise location and spatial extent of any changes in functional 
connectivity appears related to how connected the targeted region is with the rest of the 
brain – its degree. Further, for tDCS, the position of the return electrode is critical in 
establishing which networks are affected. The choice of stimulation site and NIBS 
approach therefore appears crucial and should be guided by neuroimaging data for 
mapping brain connectivity in vivo.  
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5. Context dependent modulation of neural networks 
In the majority of published studies on the effects of rTMS and tDCS on brain activity, 
participants were not required to perform a behavioral task (i.e., stimulation was 
delivered at rest; offline). The idea behind this approach is to minimize variability in the 
excitability of the stimulated neurons by keeping participants in a uniform state of rest, as 
changes in the activity/excitability of neurons targeted by NIBS can influence how those 
neurons respond to stimulation (Silvanto et al., 2007). However, given that task 
performance enhances local neural activity and functional connectivity between relevant 
cortical regions, recent work has investigated whether the specificity and effectiveness of 
rTMS and tDCS can be improved by stimulating neurons during a behavioral task 
(Nitsche et al., 2003; Fregni et al., 2005; Hummel et al., 2005; Antal et al., 2007; Kujirai 
et al., 2006; Andrews et al., 2011). If rTMS and tDCS induce LTP (or LTD)-like changes 
in synaptic efficacy, correlated activity arising from the task should interact with NIBS to 
promote a more stable change in synaptic efficacy (Miniussi and Ruzzoli, 2013). Several 
studies have investigated this hypothesis by applying NIBS during a task (Nitsche et al., 
2003; Fregni et al., 2005; Hummel et al., 2005; Antal et al., 2007; Kujirai et al., 2006; 
Andrews et al., 2011). Results from this work have shown that NIBS combined with a 
relevant task can influence the duration, magnitude and direction of induced change 
(Antal et al., 2007, Segrave et al., 2014). One advantage of such an approach is that task-
related neural activity can be used on its own to maintain any NIBS-induced effects over 
a longer time period. In a recent study, Andrews et al. (2011) applied anodal tDCS in 
healthy participants during the performance of a working memory (N-back) task. There 
was a greater improvement in performance during this condition compared with the same 
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stimulation at rest or with sham tDCS. The concurrent application of rTMS during tasks 
has also been investigated. In the motor system, improved plastic effects have been noted 
when plasticity was induced during a motor task that activated the stimulated cortical 
region (Kujirai et al., 2006). Although further investigations are required, this 
encouraging line of research suggests that combining NIBS and task-relevant cortical 
activity may provide an opportunity to improve the specificity and effectiveness of 
subsequent behavioral and network changes (e.g., Fig. 2C and 2F). 
 
6. Modulating local cortical synchronization 
The task-related boosting (or suppression) of neural oscillations at specific frequencies 
between cortical regions can enhance performance in processes involved in task 
selection, attention and memory (Marshall et al., 2004; Lakatos et al., 2008; Bauer et al., 
2012; Helfrich et al., 2014). Both rTMS and tDCS can modify ongoing oscillatory 
activity, and in so doing, may mimic or augment the amplitude of normal endogenous 
neural oscillations to promote task performance and cortical connectivity. TMS drives 
reorganization of local ongoing oscillations through phase-locking, although the changes 
in oscillatory activity induced in this manner are short-lived – in the range of tens of 
milliseconds (Thut et al., 2011) to seconds (Hanslmayr et al., 2014). Nevertheless, even 
these short-lived effects can have detectable behavioral effects. For example, temporary 
desynchronisation of beta oscillations has been implicated in memory formation 
(Hanslmayr et al., 2014). Pulses of TMS at a beta frequency (18.7 Hz) delivered to left 
inferior frontal gyrus impaired memory encoding in a word-learning task, and was 
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associated with a boost in EEG power at the stimulated frequency which outlasted the 
stimulation period (Hanslmayr et al., 2014).  
 
tDCS can also modify oscillatory activity in a variety of frequency bands including theta, 
alpha, beta and gamma bands (Antal et al., 2004; Polania et al., 2011), although the 
mechanisms affecting local oscillations remain unknown. Recently, a different brain 
stimulation technique called transcranial alternating current stimulation (tACS) has been 
used to selectively modify ongoing oscillatory activity at a particular frequency (Marshall 
and Binder, 2013; Helfrich et al., 2014). This method alters the current density produced 
at the two electrodes in an oscillatory manner. It produces longer-lasting changes (> 5 
minutes) in local oscillatory activity, and is associated with pronounced behavioral 
changes. For example, low-frequency delta oscillations induced with tACS, important in 
memory consolidation during sleep, are enhanced in both the sleeping (Marshall et al., 
2004) and waking brain (Kirov et al., 2009). It appears tACS entrains the membrane 
potential to oscillate at the given stimulation frequency (Zaehle et al., 2010), thus 
synchronizing activity within and between cortical regions (Helfrich et al., 2014; Voss et 
al., 2014).  
 
Changes in oscillatory activity induced by tACS may provide an efficient method to 
selectively modulate activity between nodes within a network. Similar to the task-related 
enhancement of rTMS and tDCS effects (as mentioned above), boosting cortical 
oscillations with tACS may provide another tool to enhance functional connectivity and 
task performance. Given its proposed mode of action, tACS may be superior to 
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concurrent task performance and NIBS: tACS could potentially synchronize a discrete 
functional connection, which may be a subset of the distributed network activated during 
a task. Indeed, the effectiveness of tACS may become most obvious in clinical 
conditions, where the patient may not be able to perform a required task (e.g., following 
stroke), or where the task activates relatively large areas of cortex.  
 
7. Implications for the treatment of brain disorders 
NIBS has been shown to induce significant changes in functional connectivity and 
performance on a variety of functional tasks. As noted above, there are important 
differences in how the different stimulation paradigms modify brain function. Such 
differences provide a rationale for refining the selection of NIBS methods to target 
known alterations in large-scale brain network activity in a variety of psychiatric and 
neurological conditions. Combining knowledge on how each NIBS method works with 
emerging knowledge on network-based alterations in brain disorders should provide a 
more principled approach to the clinical use of NIBS. In the following sections we 
outline what is currently known about the network disturbances associated with some 
widely studied conditions – OCD, stroke, depression and schizophrenia – and discuss 
NIBS strategies for treating the symptoms of these conditions guided by neuroimaging 
evidence and recent discoveries in the human connectome. Network pathology across 
these four conditions differs markedly in terms of the regions and circuits implicated, 
allowing us to discuss different NIBS interventions in each case. In considering a diverse 
range of disorders, we emphasize that the most appropriate NIBS paradigm can be guided 
by disorder-specific features of network pathology gained from imaging studies. This 
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will assist in guiding the choice of NIBS in other clinical conditions and thus improve the 
efficacy of treatments. 
 
7.1. Obsessive-compulsive disorder 
Obsessive-compulsive disorder (OCD) affects approximately 2-3% of the population 
(Murray and Lopez, 1996). The symptoms are debilitating, and involve a variety of 
unwanted thoughts and urges, and associated compulsions. Neuroimaging investigations 
have shown that OCD symptoms are associated with abnormally enhanced functional 
connectivity between the ventral caudate/nucleus accumbens and the anterior 
orbitofrontal cortex in the resting state (Harrison et al., 2009, 2013). In line with this, 
there is evidence to suggest that activity in OFC is increased in OCD (for review see 
Maia et al., 2008).  For example, the amplitude of endogenous low frequency (<0.1 Hz) 
fluctuations in the BOLD response are increased bilaterally in OFC (Hou et al., 2012). 
Given the relatively selective network dysfunction associated with OCD in the resting-
state, multiple sessions of inhibitory rTMS over the orbitofrontal cortex are likely to 
provide good clinical outcomes. This hypothesis is in line with the results of a recent 
meta-analysis on the use of rTMS in OCD, supporting the use of low-frequency (i.e., 
inhibitory) rTMS targeting the orbitofrontal cortex (Berlim et al., 2013). It has also been 
shown that patients with OCD display task-evoked alterations in different neural 
networks (Cocchi et al., 2012). Specifically, task-evoked alterations in the cingulo-
opercular network have been associated with state anxiety. Thus, an inhibitory rTMS 
paradigm delivered to regions encompassing the cingulo-opercular network during task 
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engagement might also be a good candidate for reducing context-driven symptoms of 
OCD.  
 
7.2. Stroke 
NIBS can be administered to promote functional recovery after stroke. Unlike many other 
neurological and psychiatric conditions, the neural sequelae arising from stroke are 
heterogeneous. Damage to discrete regions of cortex following stroke has complex 
network-level effects (Grefkes and Fink, 2014). Within both motor and non-motor areas, 
damage to one hemisphere typically results in widespread underactivity in that 
hemisphere, with corresponding over-activity in the unaffected hemisphere (Ward et al., 
2003b). For example, damage to the right parietal lobe induces a condition known as 
unilateral spatial neglect, and is characterized by a lack of awareness for sensory stimuli 
for the side opposite the damaged hemisphere.  Symptoms of neglect are thought to occur 
not only from lesion-related underactivity of the right parietal lobe, but also a mismatch 
in inter-hemispheric activity, resulting in over-activity of the non-lesioned left parietal 
lobe (Pisella and Mattingley, 2004). During recovery, activity within the affected 
hemisphere is increased, which can influence longer-term recovery (Ward et al., 2003a). 
In the motor system, a recent meta-analysis has shown that patients with the greatest 
ipsilesional activation during motor tasks show the greatest improvement in function 
(Rehme et al., 2012). These findings suggest that restoring impaired neural networks 
following stroke is a viable means of promoting functional recovery. Neuroimaging 
studies undertaken following stroke can help to establish the network-based disturbance 
arising from the lesion. If the network disturbance is restricted to a specific network, an 
Page 27 of 54
Ac
ce
pte
d M
an
us
cri
pt
Sale et al., 27 
 
excitatory rTMS paradigm to the hypoactive, lesioned hemisphere or an inhibitory rTMS 
paradigm to the overactive contralesional hemisphere is likely to be the most effective 
approach. Several studies have used this approach, and it has been shown to be effective 
in both motor and non-motor deficits.  For example, inhibitory rTMS to the non-lesioned 
parietal cortex can induce long-lasting improvements in symptoms of spatial neglect 
(Brighina et al. 2003; Shindo et al. 2006). In the motor region, Grefkes and colleagues 
showed that inhibitory rTMS applied over contralesional M1 of patients with subacute 
stroke significantly improved motor performance of the affected hand (Grefkes et al., 
2010). This improvement was related to functional reorganization of the sensorimotor 
system. Specifically, rTMS increased endogenous (i.e., resting-state) connectivity 
between the ipsilesional supplementary motor area (SMA) and the primary motor cortex 
(i.e., within the sensorimotor network). Reduction of pathological inhibition between the 
affected and unaffected primary motor cortices was also correlated with improved 
performance in a motor task. If the peri-lesional effects of the stroke encompass a densely 
interconnected brain hub, rTMS over this region will likely have complex and 
widespread effects. Indeed, when a stroke affects a highly interconnected region, the 
associated cognitive deficits are more pronounced (Warren et al., 2014). Strategies to 
promote network-relevant reorganization should be employed in these circumstances. 
This would include identifying the affected network(s), establishing the task that most 
selectively activates the affected network(s), and then using rTMS in combination with 
an appropriate behavioral task. 
 
Insert Figure 3 near here 
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7.3. Depression 
Recent work suggests that depression is characterized by abnormal integration across 
large-scale neural networks (Bi and He, 2014). Within those networks, regions 
consistently identified as being affected include the left DLPFC, subgenual cingulate, 
insula and thalamus (Mayberg et al., 1997; Drevets et al., 2008; Kerestes et al., 2014). 
Neural activity in these regions is altered not only during the resting state, but also during 
cognitive control and emotional processing, as well as in medicated and unmedicated 
patients (Kerestes et al., 2014). There is agreement that the left DLPFC is hypoactive, 
and the subgenual cingulate is overactive (Fox et al., 2012). Reducing activity in the 
subgenual cingulate has shown promise in improving symptoms, but given its location 
deep within the cortex, it is not a viable primary target for NIBS. The predominant 
cortical target for the treatment of major, drug-resistant depression has been the 
hypoactive left DLPFC (Lefaucheur et al., 2014). The US Food and Drug Administration 
has approved high-frequency (excitatory) rTMS to left DLPFC in this condition. Fox and 
colleagues (2012) used rTMS in combination with fMRI to probe network changes 
following high-frequency rTMS over the left DLPFC. Their study attempted to establish 
the optimal site for DLPFC stimulation in the resting-state. They found that the more 
anticorrelated the targeted territory within the DLPFC region was with the subgenual 
cingulate, the better was the clinical efficacy of rTMS. In keeping with the importance of 
the connectivity profile of the targeted region to determine network-level effects of 
NIBS, increasing the excitability of left DLPFC (a brain hub) with rTMS also had 
widespread effects on regions encompassing multiple functional networks including the 
somatosensory, default mode and cingulo-opercular networks (Fox et al., 2012). Future 
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research will need to address the possible functional consequences of these widespread 
changes in network topology and activity, and correlate these changes with the observed 
reduction in symptoms.  
 
A prominent aspect of major depression is an imbalance in activity between the DLPFC 
in each hemisphere. Thus, another potentially efficacious approach is to use bilateral 
tDCS – with anodal stimulation applied to the left DLPFC and cathodal to the right 
DLPFC (Fig. 3D). To overcome the diffuse nature of tDCS, and thus improve the 
functional specificity of the stimulation, tDCS could be combined with a behavioral 
intervention. In a recent study, cognitive control training aimed at enhancing DLPFC 
activity has been applied in combination with anodal tDCS over DLPFC (Segrave et al., 
2014). The results of this study showed that concurrent tDCS and training induced a 
sustained antidepressant effect at follow up, suggesting that this approach may also be 
effective – and potentially more specific – in improving symptoms of depression. 
 
7.4. Schizophrenia 
Schizophrenia is a severe mental illness commonly associated with trait deficits in 
cognitive functions like working memory (Mathes et al., 2005; Cocchi et al., 2009a, 
2009b, 2009c; Deserno et al., 2012). Such deficits have been consistently associated with 
altered lateral prefrontal activity (Tan et al., 2005). In line with these results, recent 
resting-state fMRI investigations have shown that symptoms of schizophrenia involve 
widespread hypo-connectivity between frontal areas and temporal, thalamic, and striatal 
regions (Fornito et al., 2012; Anticevic et al., 2015; Cocchi et al., 2014; van den Heuvel 
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and Fornito, 2014). This hypoconnectivity has often been associated with an early 
dysregulation in the function of frontal circuitry (Anticevic et al., 2015). An excitatory 
tDCS paradigm targeting a highly interconnected hub in the lateral frontal cortex, such as 
the DLPFC, may provide a means to restore widespread patterns of connectivity 
associated with frontal areas. Moreover, early deficits in the activity of frontal regions 
have also been related to clinical and pre-clinical deficits in cognitive functions such as 
working memory (Cocchi et al., 2007). Anodal tDCS over the DLPFC administered 
during a task improved both working memory (as assessed by performance on an N-back 
task) (Mulquiney et al., 2011) and associative learning (Vercammen et al., 2011). 
 
A more refined approach to improve function and treat network imbalance in 
schizophrenia is to selectively alter relevant neural synchronization between cortical 
regions (Zalesky et al., 2012). Schizophrenia is characterized by alterations in functional 
connectivity both within and between brain regions (Zalesky et al., 2012). Likewise, 
reduced beta- and gamma-synchrony between distal cortical regions is thought to play a 
key role in the pathophysiology of schizophrenia (Uhlhaas and Singer, 2010). Given that 
tACS can selectively boost the power of neural oscillations at specific frequencies 
between stimulated regions (Helfrich et al., 2014), such approaches might be used to 
enhance the power of these oscillations in schizophrenia, thereby strengthening the 
coupling of neural activity between targeted brain regions (Zalesky et al., 2012; Cocchi et 
al., 2014) (Fig. 4).  
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In addition to altered synchronization between distal neural populations, schizophrenia is 
also characterized by inter-regional reductions in functional connectivity (Zalesky et al., 
2012) and oscillatory synchrony (Ferrarelli et al., 2012; Uhlhaas and Singer, 2010, 2013). 
In keeping with the effects of tACS, such a technique could be used to restore the 
widespread loss of synchronization among frontal cortical territories in schizophrenia. 
Restoring functional connectivity within frontal regions could also have beneficial effects 
in balancing inter-regional dynamics in fronto-striatal, fronto-thalamic, fronto-temporal, 
and fronto-parietal networks (Fig. 4).  
 
Insert Figure 4 near here 
 
8. Other considerations 
We have focused on the relative merits of rTMS, tDCS and tACS for restoring functional 
networks affected by a range of psychiatric and neurological conditions. For any 
particular stimulation approach, identifying where to stimulate (e.g., hub vs. non-hub 
regions of cortex) is likely to be critical (Fox et al., 2014). Given the specific nature of 
the network disturbance in various brain disorders, one form of NIBS may be more 
efficacious than others. When considering the use of brain stimulation in the treatment of 
network dysfunction, it is important to be aware of other factors that may influence an 
individual’s response to NIBS.    
 
Plasticity induced with NIBS is likely to be reduced in the aged human brain (Rogasch et 
al., 2009; Todd et al., 2010; Bashir et al., 2014). Further, there is decreased segregation of 
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neural networks as a function of increasing age (Chan et al., 2014). Also, task-related 
activity manifests less focally in the elderly brain. For example, a motor training task that 
increases cortical activity in M1 in young participants, manifests as a more diffuse and 
attenuated change in the elderly brain (Bernard and Seidler, 2012). Collectively, these 
results suggest that when tailoring a treatment approach, the age of the participant needs 
to be considered i.e., a stimulation approach that is effective in a young cohort may not 
be effective in the elderly. One approach to improving the specificity and effectiveness of 
NIBS in the elderly is to stimulate either during a relevant behavioral task, or to use tACS 
to selectively synchronize functionally related brain regions (Fig. 4). Further research 
will be needed to understand how the aged brain responds to NIBS, and more importantly 
to determine how these effects interact with any underlying neuropathology.  
 
From a clinical perspective, brain stimulation is used predominantly to induce long-term 
changes in cortical excitability. Unfortunately, induction of these changes is variable, 
both in terms of the likelihood of a participant responding to the stimulation, and the 
duration of the induced effects (Ridding and Ziemann, 2010). A great deal of research on 
the effects of NIBS has focused on the motor cortex, because of the ease of obtaining an 
objective measure of the effectiveness of brain stimulation (the motor-evoked potential, 
or MEP). However, it is reasonable to assume that these factors also contribute to the 
variability of brain stimulation paradigms in other, non-motor regions of the brain. The 
causes of this variability are currently not fully understood, but most likely include 
factors such as genetics (Witte et al., 2012), age (Todd et al., 2010), history of previous 
cortical activity (Sale and Mattingley, 2013), time of day of stimulation (Sale et al., 2007; 
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Sale et al., 2008), and cognitive factors such as attention (Kamke et al., 2012; Kamke et 
al., 2014). By better understanding the factors that mediate an individual’s response to 
NIBS, it should be easier to screen clinical groups to identify those most likely to 
respond. 
 
When discussing the use of NIBS in the clinical domain, it is important also to consider 
the potential safety implications of altering brain activity. Extensive safety guidelines 
have been established for the application of NIBS in humans, but much of this research is 
based on healthy brains (Rossi et al., 2009). Given that patient populations have impaired 
brain function, but are also likely to be receiving medication, care must be taken to 
establish whether there is an increased risk of seizure from the condition and/or the 
medication.  As such, there needs to be an assessment of the potential benefit to the 
patient from undertaking NIBS compared to the risk of longer term harm.  This is 
especially true in conditions which are likely to increase seizure risk (e.g., traumatic brain 
injury (Li et al., 2015); epilepsy (Rossi et al., 2009)), or when using a NIBS approach that 
increases cortical excitability.  Such an evaluation of risk against potential benefit needs 
to be performed on a case-by-case basis.  Another potential safety issue relates to local 
burning of the epidermis under the electrode pads when using tDCS (Liebetanz et al. 
2009). Although safety guidelines have been established to minimize the likelihood of 
causing local tissue burning, conditions in which sensory loss is present, or vascular 
function is compromised, can increase the risk of burns.  Again, careful monitoring of 
skin integrity prior to and after stimulation is important. 
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One further factor that might limit widespread clinical applications of NIBS, at least in its 
present form, is the relatively short-lived duration of the induced effects (~30-60 
minutes).  An obvious approach to overcome this issue is to stimulate participants across 
multiple sessions.  Research has suggested that repeated sessions of NIBS can increase 
the duration of the effects (Nyffeler et al., 2006; Meinzer et al., 2014). However, repeated 
plasticity-inducing paradigms can also attenuate the effects of subsequent stimulation 
(Ziemann et al., 2004).  In this context, synaptic connections potentiated by the initial 
plasticity paradigm are rendered less able to do so with subsequent stimulation (indeed 
the synaptic connections become more responsive to inhibitory paradigms – a concept 
referred to as metaplasticity (Turrigiano, 1999)). The differing response to repeated NIBS 
could be related to the type of stimulation applied (rTMS vs tDCS) and the underlying 
mechanisms of action of these protocols. It also appears that the spacing between 
stimulation sessions is important.  When sessions are separated by a day or more, longer 
lasting changes are more likely. This may be because participants have slept. An 
important role attributed to sleep is that it maintains synaptic homeostasis, by maintaining 
synaptic activity within a functional range (Tononi and Cirelli 2006; Vyazovskiy et al., 
2009). Thus, the synapses that were potentiated preceding a sleep period are permitted to 
“unload”, and can therefore be more responsive to NIBS in the subsequent period of 
wakefulness. Recent research has also investigated the effect of repeated sessions of 
NIBS on functional connectivity and behavior. Popa et al. (2013) applied 5 daily sessions 
of cerebellar rTMS to a cohort of patients with essential tremor.  Following the repeated 
sessions of rTMS, patients showed an improvement in their tremor and restoration of 
functional connectivity in the affected cerebello-thalamo-cortical network to levels 
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nearing those reported in normal controls. There was no change in functional 
connectivity in an unrelated functional network (the default mode network). Further, the 
level of improvement in functional connectivity predicted the functional gains seen in 
patients following the treatment. 
 
9. Final remarks 
The treatment of most psychiatric and neurological conditions is complex, expensive, and 
often requires multimodal interventional strategies. Based on the evidence reviewed here, 
we argue that non-invasive brain stimulation techniques represent an important, 
complementary approach for the treatment of psychiatric and neurological disorders. 
Behavioral therapies are efficient but slow, and often require a reasonable level of insight 
and co-operation from patients. Thus, for severe psychiatric disorders such as 
schizophrenia, pharmacological interventions are often adopted as a first line of 
treatment. In this context, emerging brain stimulation protocols, based on a solid 
understanding of their effect on the connectome, may provide a further means of 
improving outcomes while avoiding some of the unwanted effects of pharmacotherapy. 
Importantly, we would not wish to dichotomize this process by suggesting that for 
Condition X, Stimulation Approach Y must be used. Rather, we suggest that to obtain 
maximum benefits from these new brain stimulation approaches, it is important to 
understand the physiology of underlying brain network dynamics in health and disease, 
and to integrate this knowledge with what is known about the brain’s response to NIBS.  
In doing so, we believe the therapeutic potential of NIBS in the clinical domain will be 
realized.  
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Figure Captions 
Figure 1: Identifying resting-state functional networks in the human brain. A) A seed 
region, shown here in blue, is identified. Spontaneous activity within this region over 
time is compared with activity in other regions (indicated here by red and green spots). B) 
Time course of spontaneous fluctuations in blood oxygen level dependent (BOLD) 
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activity during rest from the three cortical regions shown in A. Activity in the seed region 
is highly correlated with activity in the green region, whereas there is little correlated 
activity between the seed region and the region in red. C) Whole brain analysis of the 
resting-state BOLD signal reveals cortical areas with highly correlated patterns of activity 
(functional networks) (Panel C from Gordon et al., 2014; with permission). 
 
Figure 2: Effects of rTMS and tDCS on neural networks. The neural network response to 
rTMS (top panels) and tDCS (bottom panels) is influenced by how connected the targeted 
region(s) are within their own network and with other networks. The neural response to 
the rTMS and the anode (red electrode) are shown in red, and the response to the cathode 
(blue electrode) is shown in blue. Two networks are represented (brown and green).  
Each circle within a network represents a node, and the lines between them are the edges. 
Within-network effects can be induced when rTMS (A) or tDCS (D) stimulate only nodes 
within a defined functional network. Across-network effects can occur when a highly 
interconnected hub is stimulated with rTMS (B) or tDCS pads are located over different 
networks (E). Tasks that enhance activity in a particular network can improve the 
specificity of rTMS when it is applied to a hub (C), minimizing across-network effects. 
The specificity of tDCS can also be enhanced when combined with a task (F).  
 
Figure 3: Selecting the appropriate form of non-invasive brain stimulation in the clinical 
domain. When a focal area of the brain is damaged, as occurs following stroke (black 
sphere; A), an excitatory rTMS paradigm is indicated and should be applied to the 
perilesioned region (C). When there is a more diffuse pathology, such as depression (B), 
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in which there are likely to be large regions of hypoactivity (blue) and overactivity (red), 
tDCS to the affected brain regions is indicated (D). Here, the anodal (excitatory; red) 
electrode increases excitability of the hypoactive region, whereas the cathode (inhibitory; 
blue) electrode reduces activity over the overactive region). 
 
Figure 4: Restoring neural synchronization within and between brain regions in 
schizophrenia with transcranial alternating current stimulation (tACS). Normal brain 
function is associated with synchronized activity both within nodes (red and green spots), 
and between nodes (dashed red and green lines), resulting in a functional link between 
nodes. Schizophrenia is characterized by altered functional connectivity within nodes 
(red and green spots), and between nodes. By applying an oscillatory alternating current, 
tACS can synchronize activity both within and between cortical regions, resulting in a 
normally synchronized brain network. 
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